Hyperiid amphipods (Brachyscelus, Phrosina, Phronima) axe attracted to light from a blue light-emitting diode. They track a moving LED by rotation and translational movements. These keep the image of the LED in the antero-dorsal part of the field of view, which corresponds to the upper part of the retina of the ventral eye, not the specialized dorsal eye. The tracking system measures the angle of the target direction from this fixation centre, and converts it into a corrective motor response in 0-2-0-4 s. We believe this response is normally concerned with attraction to and pursuit of luminescent organisms.
INTRODUCTION
The problems of observing the behaviour of mid-water animals are considerable. The depths involved are generally too great to allow free diving, and because the population density is low, useful observations from submersibles and remote cameras are rare. Animals brought to the surface are often in too poor a condition to behave at all normally. The hyperiid amphipods are one of the best groups to work with in trying to overcome these difficulties. They are relatively common and frequently observed from submersibles, where they congregate round the lights. They are tough, survive capture and behave well in aquaria at the surface (Land, 1992a) . Compared with other groups, a reasonable amount is known about their habits, especially their associations with gelatinous animals on which they prey or have commensal relationships Diebel, 1988) . It is also known that they sometimes form swarms (Lobel & Randall, 1986) .
Most hyperiids have large compound eyes, which often have a distinct dorsal part with higher resolution (Land, 1981 (Land, , 1989 Nilsson, 1982) . In an earlier study (Land, 1992a) , hyperiids in an aquarium showed a variety of visually mediated behaviours. These included intensity-dependent swimming activity, both avoidance and attraction to dark moving targets, and a number of instances of tracking behaviour where one animal directed its axis towards a second animal, or even pursued it. The tracking behaviour was particularly interesting because it implied some kind of social or predatory interaction. In the present study we examine tracking behaviour using a stimulusa blue light emitting diode -that the animals are attracted to and which they track much more convincingly than the non-luminous targets in the 1992 study. We could also move the LED through the water, and by studying the tracking responses on video, determine some of the features of the control systems involved. Although an LED
•UIUI g si dij apoipojoijd aip jo jajaureip ai(x pe}uc» 9up[Eui jnoipiM Q3T 9V P puriojB SUIUIUIIMS SIBUIIUB ipiM 's oi }noqc jajjB ^jqejs, sauicoaq UUEMS ai^x lasuo iaye s J J (Figure 1 ). They began to arrive within 10 cm of the LED after 5 s, and within 5 cm after 9 s. After about 10 s they had formed a small stable swarm around the LED (Figure 1 ), typically swimming to and fro a few cm from the LED without actually making contact. When the LED moved slowly, the swarm followed it, and when it was turned off, the swarm dispersed in a few seconds. Phrosina and Phronima were less obviously attracted to the LED, but Phrosina had a characteristic way of swimming up to and past the LED, in what looked like an investigation rather than a simple 'phototaxis'. Figure 2 shows tracking behaviour by Phronima (left) and Phrosina (right). The styles are rather different. Phronima tends to track the moving LED by adjusting the angle of its body, and of the barrel around it, relative to the vertical. Thus tracking is mainly by Figure 2 . Photographs of Phronima (left, swimming in its barrel) and Phrosina (right) tracking a moving LED (arrow, upper left) . Phronima tracks by tilting the axis of its body and barrel so that they point towards the target. Phrosina in this instance tracks the LED by a postero-dorsal translatory movement rather than a rotation. The Phrosina sequence runs from top to bottom. The wire leading to the photodiode is not visible to the animals as the tank is side-lit by infra-red light.
Tracking behaviour
rotation. Phrosina, however, usually tracks the LED by translation, moving bodily as the stimulus moves. Tracking is often achieved by forward locomotion, but not always; the example in Figure 2 shows a postero-dorsal tracking movement. In both species the tracking behaviour tends to keep the animals pointing at the LED with the anterior or antero-dorsal part of the eye, rather than the specialized dorsal region (see below). Much tracking is 'self induced' in that it represents corrections to the animal's heading necessitated by the animal's own gyrations. As with Brachyscelus, the animals rarely touched the LED, typically maintaining a distance of about 5-10 cm (Phronima) and 2-5 cm (Phrosina). Tracking episodes like those shown in Figure 2 were actually quite infrequent. In only a few percent of occasions when the LED was on, and visible to the animals, did they actually track it. We cannot tell from this whether tracking is normally an intermittent activity, or whether the low response rate is the result of the various stresses to which the animals had been subjected.
When tracking did occur, it could last a long time. Figure 3 shows an episode in which Phronima tracked the LED for a minute, during which time it followed the target through three cycles of movement, making angular adjustments of up to 25°. Time (s) Figure 3 . Record of Phronima tracking over a 1-min period. The two traces show the target angle i.e. the angle between a line joining the LED to the animal's head and the vertical, and the response angle between the axis of the barrel and the vertical. The discrepancy between the traces in the first two cycles is explained by the fact that the axes of the barrel and the head do not quite coincide in the pitch plane. In the third cycle the animal tracks in the yaw plane, and there is coincidence.
Mechanism of tracking
In order to track a target, an animal must detect its direction relative to the body axis, and make locomotor adjustments to keep that direction within a narrow range. In an amphipod without movable eyes this means steering so that the target image is kept near a particular forward-directed part of the retina, the fixation centre. Although there are several ways this might be achieved, the simplest is for the animal to turn in the direction of the target at a rate proportional to the angular error, that is, the angle between the target direction and the fixation centre (Figure 4 , see also Land, 1992b ). In external co-ordinates, 6 is the difference between the input (target) angle \|/ and the output (body) angle 6. The lower diagram shows the same system represented as a feedback with a delay (d) and gain (k) inherent in the animal. The conversion of the animal's output velocity to its new angular position, over time, is indicated by the integral in the feedback pathway. This loop is described by equation (1) in the text.
The quality of the video images was good enough to allow us to see whether this was the mechanism involved in the case of Phronima. Figure 5 shows records of two excerpts from a longer tracking episode, and they have been chosen because the animal was exactly side-on in Figure 5A , and front-on in Figure 5B . In each figure the upper half shows the performance of the animal as seen by an observer viewing the tank, and plots the angular motion of the LED relative to a vertical line through the animal's head, and the angular motion of the animal itself. In both figures it can be seen that the animal moves shortly after the movement of the LED, and through a similar angle. The lower half of each figure shows the behaviour from the animal's point of view. The filled circles plot the target error angle relative to the animal's body axis (a line perpendicular to the plane of the back of the head segment and through its centre; see Land, 1989 ). This error angle should be the signal the animal uses to steer by (Figure 4) . The open circles show the animal's angular velocity, the most immediate indication of the steering activity itself. It can be seen that in both figures the two graphs are virtually identical, when appropriately scaled, apart from a shift along the abscissa representing the delay between stimulus and response -the reaction time of the system. The principle difference between the upper and lower plots is their shape, which in both cases reflects the target movement, but the subsequent decrease in error angle resulting from the animal's own response is seen only in the view from the animal itself on the lower graphs. These observations are consistent with the simple error angle-to-velocity feedback loop suggested above (Figure 4 ). This can be summarized by an equation:
where 0 is the angular velocity, 0is the error angle, t is time, d is the delay in the system, and A: is a constant representing the gain of the system. On this basis the system of Phronima can be described by two parameters, k and d, and we can see that they are slightly different for pitch and yaw tracking. Based on the examples in Figure 5 , we find that for pitch tracking k ~ 1-5° s 1 per degree of error, and d ~ 0-4 s, whereas for yaw tracking k ~ 3-5° s" 1 per degree, and d ~ 0-25 s. Thus yaw tracking has a higher gain than pitch tracking, and a shorter delay. Unfortunately the motor behaviour of Phrosina is a rather complicated mixture of rotation and translation, so that a similar analysis was not possible. Figure 5A (lower) shows that in Phronima the angle of the target relative to the body axis at which no corrective movements are made is -45°, or 45° dorsal to the axis on the convention used here. Figure 5B shows that in the yaw plane the zero movement point is close to the midline. Thus the animal tries to fixate this kind of target with the middle of the antero-dorsal part of its field of view. In a study of the fields of view of the dorsal and ventral parts of the double eyes of Phronima, Land (1989, figure 6 ) found that the field of the dorsal eye was very narrow, and extended in the sagittal (pitch) plane from the dorsal pole to 15° anterior to it, or from -90° to -75° on the scheme used here. The ventral eye covers the remaining field from -75° to beneath the animal's head, through about 180°. Thus on the evidence here the fixation centre in Phronima is not in the field of the dorsal eye, but in the upper part of the field of the ventral eye, about 30° below its upper boundary. In normal swimming this means that the fixation centre is usually directed through the open end of the animal's barrel.
Location of the fixation centre
The conclusion for Phrosina is similar, but better documented. Figure 6A shows the distribution of resolution across the dorsal and ventral eyes of Phrosina semilunata, based on data given in Land (1989) and other measurements made at that time. The numbers on the contour lines give resolution in terms of the numbers of ommaridial axes per square degree of surrounding space. They show that the maximum axis density in the dorsal eye is very high, 10 times greater than anywhere in the ventral eye. They also show that the ventral eye has a region of relatively high acuity directed forwards and slightly upwards, centred about 25° above the body axis. In this region the ventral eye also has a small contralateral field of view, giving a total binocular field of about 20° when combined with the opposite eye (Figure 7) . We refer to this region as the frontal acute zone, as opposed to the dorsal acute zone in the dorsal eye. Between the fields of the dorsal and ventral eyes in the midline plane there is actually a small blind spot centred 60° above the body axis. Figure 7 gives a view of the two eyes from the direction of the frontal acute zone, and the presence of two pseudopupils indicates that the fields of view overlap (the nature of the pseudopupil is discussed by Stavenga, 1979) .
To establish the direction of the fixation centre in Phrosina, a 15-s episode of tracking (the longest seen) was analysed to determine the direction of the target relative to the midline, as the animal gyrated beneath the moving LED. The angular displacement of the target from the long axis of the animal was measured directly on the video image, and the radial direction of the target from the axis was determined by estimating the rotational angle of the animal in the image plane from the appearance of its profile. The latter measure is fairly crude, but can be checked accurately whenever the animal presents a view from above, below, or the side. The fact that the points must join up then provides a check that prevents serious errors. The results are shown in Figure 6B , where the original measurements in polar co-ordinates have been converted to the same latitude and longitude co-ordinates as Figure 6A , but this time the visual field is viewed from the front. Figure 6B shows that as the animal turns while tracking the target, the image of the LED 'wanders' over a region of retina about 80° in vertical extent by 50°h orizontally. Taking the means of the vertical and horizontal measurements, the centre (<8>) is found to lie about 10° dorsal to the body axis, and more or less on the midline. Referring back to Figure 6A it can be seen that this puts the fixation centre just below the centre of the frontal acute zone, and nowhere near the dorsal acute zone.
DISCUSSION

The function of tracking
Hyperiids are often reported to be attracted to lights on submersibles, and the findings described here are likely to be related to this behaviour. Its real function would appear to be to find and follow small luminous sources. The other possibility is that this is a rather more general phototaxic behaviour, concerned, for example, with migrating towards the surface. This seems unlikely for several reasons. First, neither Phronima sedentaria nor Phrosina semilunata are migrating species (Thurston, 1976) , so are not specifically attracted to the surface. Hyperiids will approach an underwater light during daylight, although the surface itself does not attract them. Secondly, the behaviour is not appropriate for migratory phototaxis. In particular, the translatory following of Phrosina ( Figure 2B ) would achieve nothing if the target of the behaviour were the distant sea surface; this would be like trying to follow the sun by running. However, for close objects this is a perfectly sensible strategy.
The most likely function for this behaviour is that it is concerned with making contact with luminescing gelatinous animals such as jellyfish and salps, with which hyperiids all have some kind of commensal relationship. None of the species of hyperiid used here luminesce themselves, so intra-species attraction is improbable. However, many oceanic gelatinous organisms luminesce when disturbed (Herring, 1990) , and the flashes are often bright enough to be easily visible in subdued lighting. The behaviour seen here in response to a blue photodiode may well normally be directed towards potential gelatinous prey animals, made visible by their luminescence, whose usual function, paradoxically, is probably to deter predators.
The nature of the control system
In Phronima and Phrosina we have a good deal of information about the way tracking is achieved. Classically, tracking responses and optomotor responses have been distinguished by the visual inputs involved (see Land, 1992b) . In optomotor responses, responsible for visual stabilization, the input is the angular velocity of the visual field. In tracking, on the other hand, the input is usually the position of the stimulus, relative to a forward-directed fixation point on the animal's retina. Optomotor responses have long been studied in crustaceans (Horridge, 1966) , but it is clear that they are not involved here. Optomotor behaviour is driven by a velocity slip between the animal and the surroundings, and consequently there is no preferred position on the retina to which the system tends to return the stimulus. Here there clearly is such a position (Figures 5 & 6) on the sagittal midline in the antero-dorsal quadrant. This is thus the fixation centre of a position-driven tracking system. Such systems have been described in a number of arthropods, from cladocerans to house-flies (review Land, 1992b) , and they can be categorized by their gain k and delay d, as in equation (1) above. The gain (k) determines the speed of the system, and the higher its value the faster the system reaches its target, 1/fc being the time constant of the approach to a new value following a disturbance. In fact the gains given here for Phronima, 1-5-3-5 0 s 1 per degree of error are quite low, compared with values ten times higher for chasing flies, whose pursuits are indeed spectacularly fast. No doubt this difference is due in part to the greater viscosity of the medium, which shows up as the long apparent delay (d) in the system, about 0-3 s, compared with001-002 s for flies.
Could not the speed of response be increased simply by increasing k? The answer is no: a high gain with a long delay is a recipe for instability. If the product k.d is less than 0-37 (i.e. 1 /e) the behaviour of the system will be quite stable, and will reach its target with no overshoot. However if the product is greater than 1-6 (K/2) the system will be thrown into increasing oscillations and will be unusably unstable (Hassenstein, 1971) . Between these two values the system will reach its target with a damped oscillation. In flies the value of k.d is usually around 0-6 which gives a fast response with only slight instability. Interestingly the two values of k.d obtained for Phronima were similar to this, between 0-6 and 0-9. Thus, although the system is slow, it appears to be 'well designed', in the sense that it is as fast as is consistent with stability, given the rather long delay.
Dorsal and ventral eyes
Most hyperiids have double eyes, the dorsal part having higher resolution than the ventral, but a much more restricted field of view (Land, 1981 (Land, , 1989 Nilsson, 1982) . Phronima and Phrosina are both extreme in these respects ( Figure 6A ). It was argued in an earlier paper (Land, 1989 ) that various features of the dorsal eye, notably the small inter-ommatidial angles and large facets, could be explained if the eye was used to detect small dark objects against the residual down-welling daylight. To achieve a good signal the target must occupy most of the field of an ommatidium, which means that small fields will detect more distant objects. And because available photon numbers are low the facets need to be large to obtain an adequate signal against a statistically 'noisy' background. The small field of view is explained by the limited angle near the zenith over which daylight is visible. In the lower eyes, inter-ommatidial angles are typically many times larger, and the facets smaller, implying a different and less demanding function. The detection of self-luminous objects is such a task. Detectability no longer relies on small numbers of background photons, and this makes the extreme adaptations of the upper eye unnecessary. The size of the signal obtainable from the relatively small facets will basically determine the distance at which a luminescent object can be detected. There is no reason for this distance to be particularly large, given that hyperiids are small and cannot move far in a short time.
There is so far little direct information concerning the function of the dorsal eyes (see Land, 1992a) . However, the evidence given in this paper, particularly in Figures 5 & 6B , strongly supports a role for the ventral eye in detecting and tracking self-luminous targets. In both Phronima and Phrosina the antero-dorsal part of the eye used to track such targets can be thought of as the 'fovea' of the lower eye system. In Phrosina this region actually has smaller inter-ommatidial angles, slightly enlarged facets, and considerable binocular overlap ( Figures 6A & 7) , although no such specialization is apparent in the very small lower eye of Phronima. Thus this paper goes part-way to establishing a functional difference between the ventral and dorsal eyes. What is now needed is a clear demonstration of a role for the dorsal eye.
